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ABSTRACT Transcription factor UAF (upstream activa-
tion factor) is required for a high level of transcription, but not
for basal transcription, of rDNA by RNA polymerase I (Pol I)
in the yeast Saccharomyces cerevisiae. RRN9 encodes one of the
UAF subunits. We have found that rrn9 deletion mutants grow
extremely slowly but give rise to faster growing variants that
can grow without intact Pol I, synthesizing rRNA by using
RNA polymerase II (Pol II). This change is reversible and does
not involve a simple mutation. The two alternative states, one
suitable for rDNA transcription by Pol I and the other
favoring rDNA transcription by Pol II, are heritable not only
in mitosis, but also in meiosis. Thus, S. cerevisiae has an
inherent ability to transcribe rDNA by Pol II, but this tran-
scription activity is silenced in normal cells, and UAF plays a
key role in this silencing by stabilizing the first state.

There are many examples of epigenetic repression of gene
expression. In Drosophila, genes placed near heterochromatin
by chromosomal rearrangements are often transcriptionally
repressed without undergoing mutation. The repressed states
are heritable during mitotic growth, but are not completely
stable and switch between inactive and active states. This
phenomenon is called position effect variegation or silencing
(1, 2). Similarly, in the yeast Saccharomyces cerevisiae, silencing
of genes at the silent mating type loci (the HM loci) and at or
near telomeres has been studied extensively (3). These studies
deal with on and off states of a particular gene or group of
genes that are normally transcribed by RNA polymerase II
(Pol II). Silencing is thought to be caused by special repressive
chromatin structures (heterochromatin structures in higher
eukaryotes).

Here we describe another case of gene silencing. The genes
for rRNA (rDNA) in all eukaryotes are transcribed by RNA
polymerase I (Pol I). We have discovered that the yeast S.
cerevisiae has an inherent ability to transcribe rDNA by Pol II,
but this transcription activity is silenced in normal yeast cells.
In mutants defective in transcription factor UAF (upstream
activation factor), two alternative reversible states exist for
rDNA transcription: one favoring transcription by Pol II (the
polymerase-switched state or PSW) and the other suitable for
Pol I transcription (non-PSW). The presence of UAF in
normal cells appears to stabilize the second state, thus achiev-
ing a stringent silencing of rDNA transcription by Pol II.

Like other eukaryotic rDNA promoters, the yeast rDNA
promoter for the 35S precursor rRNA gene consists of two cis
elements, the upstream element and the core promoter. The
upstream element is required for high level transcription, but
is dispensable for basal transcription, whereas the core pro-
moter is essential for accurate transcription initiation (4–6).
Initiation of yeast rDNA transcription by Pol I uses four factors

in addition to Pol I: UAF, core factor, TATA-binding protein,
and Rrn3p (7). UAF is a multiprotein transcription factor
containing three Pol I-specific proteins, Rrn5p, Rrn9p, and
Rrn10p (encoded by RRN5, RRN9, and RRN10, respectively),
histones H3 and H4, and uncharacterized protein p30 (8, 9). In
vitro, UAF interacts with the upstream element of the rDNA
promoter, forming a stable UAF–template complex and com-
mitting the template to transcription. UAF is required for high
level transcription mediated by the upstream element but not
for basal transcription from the core promoter in vitro (7, 8).
Consistent with this finding, the genes encoding Pol I-specific
subunits of UAF, RRN5, RRN9, and RRN10, are not absolutely
required for cell growth (8). This was demonstrated in two
ways. First, mutants in these genes were originally isolated as
galactose-dependent mutants by using strains carrying a ‘‘help-
er’’ plasmid pNOY103, which contains the rRNA coding
region (35S rDNA) fused to the GAL7 promoter (8, 10, 11).
We found that, in contrast to mutants defective in essential Pol
I subunit genes or core factor subunit genes, these UAF
mutants actually showed extremely slow growth on glucose
that was detectable after long incubation. Second, mutants
deleted for these genes individually (8) or in combination
(unpublished data) formed tiny colonies in the absence of
helper plasmids. We have now found that such mutant cultures
growing in the absence of helper plasmid produce, with a high
frequency, variants that grow faster. Similarly, we have found
that deletion mutants carrying helper plasmid produce variants
that can grow faster on glucose. Analyses of these variants led
to the discovery of rDNA transcription by Pol II and a
reversible switching between the two states, non-PSW and
PSW.

MATERIALS AND METHODS

Media, Strains and Plasmids. Strains used in this study are
listed in Table 1, and plasmids are listed in Table 2. To
construct NOY900, strain NOY898 was first constructed by
crossing Pol II temperature-sensitive strain Y260 (MATa
ura3–52 rpb1; ref. 12) with strain NOY556 and screening
haploid segregants for temperature-sensitive growth and other
desired genotypes. NOY898 was then crossed with NOY703 to
obtain NOY899, which is galactose-dependent for growth and
temperature-sensitive. NOY900 was isolated from NOY899 as
a PSW variant able to grow on glucose.

YEP-glucose (YEPD), YEP-galactose, synthetic galactose
(SGal), and synthetic glucose (SD) media were described
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previously (10, 13). The following supplements were added to
the synthetic media as appropriate to satisfy nutritional re-
quirements: casamino acids (5 mg/ml), tryptophan (20 mg/ml),
adenine (20 mg/ml), and uracil (20 mg/ml).

Spot Test for PSW and Non-PSW Phenotypes. Individual
colonies (diameter '1 mm) formed on galactose media were
picked, suspended in 100 ml of H2O, and 5-ml aliquots of
10-fold serial dilutions were spotted on YEP-galactose and
YEPD plates. They were usually incubated at 30°C for 7 days.

Analysis of 5* Ends of Precursor rRNAs by Primer Exten-
sion. RNA was prepared as described (7) from 25 ml of culture
(A600 0.4–0.6) growing exponentially in YEPD or from cells
after temperature shift-up. The primer (Genosys, The Wood-
lands, TX) used for the analysis was 59-ACACGCTGTATA-
GAGACTAGGC-39, which hybridizes to 35S precursor rRNA
130 nt downstream of the published Pol I start site (14). Total
RNA (1 mg for NOY556, NOY898, NOY505, and NOY794
and 4 mg for NOY878 and NOY900) was subjected to primer
extension analysis as described (7).

RESULTS
RNA PSW Variants. Fig. 1A shows the heterogeneous

population of a culture of haploid strain NOY684 carrying the

rrn9D::HIS3 (‘‘rrn9D’’) allele that was freshly constructed from
diploid strain NOY678 (see Table 1). On restreaking, larger
colonies produced mostly larger (but smaller than the wild-
type) colonies, whereas small colonies produced some larger
colonies among mostly small colonies (Fig. 1B). Thus, strains
carrying rrn9D (and rrn5D or rrn10D; data not shown) were not
stable. However, by introducing helper plasmid pNOY102 (or
pNOY103 or pNOY199; Table 2) and maintaining the cells on
galactose medium, strains carrying these deletion alleles could
be maintained much more stably (8). Strain NOY703 is such
a rrn9D strain and can grow fairly well on YEP-galactose
(doubling time 6–7 hr at 30°C) by synthesizing rRNA from the
GAL7-35S rDNA fusion gene on helper plasmids. However,
these strains grow very poorly on YEPD because of repression
of the fusion gene by glucose (Fig. 1C). Variant colonies that
grow faster in the absence of intact UAF without helper
plasmids (e.g., NOY852 derived from NOY684; Fig. 1B)
appear to grow by transcribing native chromosomal rDNA
using Pol II rather than Pol I (see below). We call this
phenotype PSW (polymerase switch), and the phenotype
without such a switch non-PSW. PSW variants also were
obtained by plating 104–105 cells of rrn9D strains carrying a
helper plasmid directly on glucose (NOY878; Fig. 1C).

To examine whether growth of a PSW strain is Pol I-inde-
pendent, we disrupted the gene (RPA135) for the second
largest subunit (A135) of Pol I. PSW strain NOY878 and its
parent non-PSW strain NOY703 were transformed with DNA
carrying the disrupted gene (rpa135D::LEU2; ref. 15) in the
presence of galactose. All transformants (e.g., NOY897) de-
rived from NOY878 grew on glucose as well as on galactose,
indicating a polymerase switch for rDNA transcription. In
contrast, no transformants (e.g., NOY896) derived from con-
trol strain NOY703 grew on glucose. Southern analysis of
DNA confirmed disruption of RPA135 (data not shown) in
both NOY897 and NOY896, demonstrating that the good
growth displayed by PSW strain NOY878 is, in fact, achieved
by a switch to a new RNA polymerase system.

Identification of 5* Ends of Primary rRNA Transcripts and
Evidence for Transcription by Pol II in PSW Strains. We first
examined the 59 start site of rDNA transcription in PSW
strains. RNA was isolated from PSW strain NOY794 (rrn9D
rpa135D) and control strain NOY505, and 59 ends were
analyzed by using primer extension. RNA from the control
strain showed the start site (11) expected from the previously
published work (14) (Fig. 2A, lane 1). In contrast, RNA from
the PSW strain showed many different 59 ends that ranged
from 29 to 295. A major start site was located at approxi-
mately position 229 (Fig. 2A, lane 2). Although we cannot
exclude the possibility that these apparent start sites arise from
RNA degradation or pausing of reverse transcriptase, it is clear
that transcription initiates upstream from the normal Pol I
start site. We then used this primer extension analysis to
examine the possibility of rDNA transcription by Pol II in PSW
strains.

We constructed an rrn9D PSW strain carrying a tempera-
ture-sensitive mutation (rpb1–1) in the largest subunit of Pol
II (12). This strain (NOY900) and three others—an rrn9D
PSW strain without this mutation (NOY878) and RRN9 strains
with (NOY898) and without (NOY556) this mutation—were
grown at 25°C, shifted to 35°C, and incubated for 1 hr. RNA
then was isolated from these cultures as well as control cultures
without temperature shift, and the amounts of unstable pre-
cursor rRNA, which is expected to reflect the rRNA synthesis
rate, were analyzed by using primer extension. As shown in Fig.
2B, temperature shift-up caused a significant decrease ('3-
fold; see the legend) of rRNA synthesis in the PSW strain with
the Pol II temperature-sensitive mutation, but not in the PSW
strain without this mutation or in the control strains synthe-
sizing rRNA by Pol I. Because rRNA synthesis by Pol I was not
affected by the Pol II temperature-sensitive mutation in the

Table 2. Yeast plasmids used

Plasmid Description

pRS316 Escherichia coli–yeast shuttle vector carrying
CEN6 ARSH4 URA3 (Ref. 36)

PNOY102 High–copy-number plasmid carrying
GAL7-35S rDNA, URA3, 2m, amp (Ref. 11)

pNOY103 High-copy-numer plasmid carrying
GAL7-35S rDNA, ADE3, URA3, 2m, amp
(Ref. 10)

pNOY199 High-copy-number plasmid carrying
GAL7-352S rDNA, TRP1, 2m, amp

pNOY446 A derivative of CEN URA3 vector pRS316
carrying RRN9

pNOY3237 pBluescript KS1 containing the SmaI-XbaI
fragment of rDNA (2210 to 14,470 with
respect to the Pol I start site), constructed
by J. Keener

Table 1. Yeast strains used

Strain Description

NOY505 MATa ade2–1 ura3–1 trp1–1 leu2–3,112 his3–11
can1–100

NOY556 Mata ade2–1 ura3–1 his3–11 trp1–1 leu2–3,112
can1–100 pNOY103

NOY678 MATa/MATa ade2–1/ade2–1 ura3–1/ura3–1
his3–11/his3–11 trp1–1/trp1–1
leu2–3,112/leu2–3,112 can1–100/can1–100
RRN9/rrn9D::HIS3 (Ref. 8)

NOY684 MATa ade2–1 ura3–1 his3–11 trp1–1 leu2–3,112
can1–100 rrn9D::HIS3 (a haploid segregant
derived from NOY678); Non–PSW (unstable)

NOY703 MATa ade2–1 ura3–1 his3–11 trp1–1 leu2–3,112
can1–100 rrn9D::HIS3 pNOY103; Non–PSW

NOY794 Same as NOY852, but rpa135D::LEU2
NOY852 Same as NOY684; PSW
NOY877 Same as NOY852, but carries pNOY199; PSW
NOY878 Same as NOY703, but PSW
NOY896 Same as NOY703 (non–PSW), but

rap135D::LEU2
NOY897 Same as NOY878 (PSW), but rpa135D::LEU2
NOY898 MATa ade2–1 ura3 his3–11 rpb1–1 pNOY103
NOY899 MATa ade2–1 ura3 his3–11 leu2–3,112 rpb1–1

rrn9D::HIS3 pNOY103; Non–PSW
NOY900 MATa ade2–1 ura3 his3–11 leu2–3,112 rpb1–1

rrn9D::HIS3 pNOY103; PSW
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non-PSW strain, the observed decrease in NOY900 cannot be
explained by an indirect effect of the Pol II mutation, such as
a decrease in ribosomal protein synthesis leading to instability
of rRNAs. Thus, the results demonstrate that PSW strains
synthesize rRNA by Pol II.

We also constructed a reporter fusion gene consisting of the
ADE2 protein-coding region fused to the rDNA promoter, and
integrated it into the chromosomal rDNA repeats in the PSW
strain (NOY852) and into those in a control strain (NOY505).
For the PSW strain, the phenotype of the resultant strain was
Ade1, demonstrating the synthesis of functional ADE2
mRNA. In contrast, the control strain remained as Ade2,
confirming the expectation that transcription of the ADE2
coding region by Pol I does not yield a functional ADE2 mRNA
(data not shown). From all of these experiments, we conclude
that PSW strains use Pol II to synthesize rRNA.

Reversibility of Polymerase Switch. PSW variants arise from
rrn9D strains more often than the usual frequency of mutation,
on the order of approximately 1024 per division (unpublished
data), suggesting an epigenetic event rather than a simple
mutation. (See Discussion for the term ‘‘epigenetic change’’
used here.) The following experiments confirm this suggestion.

NOY852 is an rrn9D strain with the PSW phenotype and
grows well without a helper plasmid. We asked whether the
PSW phenotype is stably maintained after reintroduction of
RRN9 to this strain. A URA3 based CEN plasmid carrying
RRN9 (pNOY446) was introduced into this strain by transfor-
mation by using URA3 for selection. As a control, the vector
plasmid without RRN9 was introduced in parallel into
NOY852. Both types of Ura1 transformants were grown on
YEPD to facilitate segregation of the introduced plasmid, then
streaked on 5-fluoroorotic acid (5-FOA)-containing medium,
which does not allow growth of Ura1 cells (16). As shown in
Fig. 3A, the control transformants grew well on 5-FOA,
whereas cells carrying RRN9 on the plasmid were mostly
unable to grow. This shows that most of the cells, which
originally employed Pol II-mediated rDNA transcription to
grow well in the absence of an intact RRN9 gene, lost this
ability (the PSW phenotype) after growth with the reintro-
duced RRN9.

In another experiment, PSW strain NOY794 (rrn9D rpa135D
PSW) carrying pNOY199 was grown on galactose, and the
effect of introducing RRN9 (on the URA3 plasmid, pNOY446)
to this strain was examined by comparing the transformants
carrying RRN9 with two control transformants: one receiving
the vector URA3 plasmid and another receiving a URA3
plasmid carrying both RRN9 and RPA135. After growth on
YEP-galactose, the three kinds of transformants were exam-
ined for their ability to grow on glucose containing 5-FOA.
Most transformants carrying both RRN9 and RPA135 failed to
grow on glucose containing 5-FOA, i.e., lost the PSW pheno-
type. However, the transformants carrying RRN9 alone re-
tained the ability to grow on glucose containing 5-FOA as did
the control, which received the vector (data not shown). This
experiment demonstrates that, in the absence of intact Pol I,
UAF neither inhibits Pol II transcription of rDNA in the PSW
strain nor stimulates switch back to the non-PSW state.

The conclusion that the switch from the non-PSW to PSW
state is reversible also was demonstrated by using rrn9D PSW
strain NOY878, which was derived from non-PSW strain
NOY703. Both strains carry a helper plasmid and can grow on
galactose, but the PSW strain forms slightly larger colonies on
galactose medium than does the non-PSW strain. This PSW
strain, which had been grown on glucose, was streaked on
YEP-galactose repeatedly. By testing smaller colonies, we
identified some clones that lost the ability to grow on glucose,
that is, the PSW phenotype. The results show that the switch
from the non-PSW to the PSW state can be reversed without
introduction of the RRN9 gene. Fig. 3B summarizes these

experimental results, indicating reversibility of switching be-
tween the non-PSW and PSW states.

Crosses Between PSW and Non-PSW strains. We crossed a
non-PSW strain (NOY703, carrying URA3 on plasmid
pNOY103) with a PSW strain (NOY877, carrying TRP1 on
plasmid pNOY199) by plate-mating on galactose medium that
allowed the growth of both strains. Diploids were then selected
as Ura1Trp1 colonies by streaking the mating mixture on
SGal(2U,2T) medium. PSW phenotypes of 12 diploid colo-
nies obtained in this way, as well as meiotic haploid segregants
derived from these clones, were examined by spot test on
galactose and glucose plates.

Some diploid clones showed the apparent PSW phenotype
(Fig. 4A, diploid clone 1), some showed the non-PSW pheno-
type (Fig. 4A, diploid clone 3) and others showed a ‘‘mixed
phenotype’’ (Fig. 4A, diploid clone 2; this clone was a mixture
of '10% PSW cells and '90% non-PSW cells). By repeating
mating in liquid culture and analyzing individual diploid cells
formed at 7 hr after the start of mating, we found that the
original diploid cells show the PSW phenotype, and that clones
with the non-PSW phenotype appear during subsequent
growth on galactose with high frequency. On sporulation and
tetrad dissection, diploid clones showing the non-PSW phe-
notype produced tetrads in which all of the haploid segregants
were non-PSW (Fig. 4C). However, in the case of diploid
clones showing the PSW phenotype or the mixed phenotype,
some tetrads produced four PSW haploid segregants without
any non-PSW segregants (Fig. 4E), some tetrads produced
both PSW and non-PSW haploid segregants (Fig. 4 B and D),
and others produced four non-PSW haploid segregants (not
shown). It is clear that the PSW phenotype is not a result of
simple mutation. First, diploid clones that should have the
same genotype showed several different phenotypes: non-
PSW, PSW, and mixed phenotypes. Second, some diploid cells
gave rise to tetrad segregants, all of which were PSW, whereas
some other diploid cells produced tetrad segregants, all of
which were non-PSW. Thus, the original PSW phenotype must
be produced by a reversible change that appears to be an
epigenetic change. In addition, the results indicate that the
PSW state can be maintained through meiosis.

FIG. 1. RNA polymerase switch variants. (A) An unstable rrn9D
haploid segregant (NOY684) derived from RRN9/rrn9D diploid strain
NOY678. A heterogeneous cell population recovered from a tiny
rrn9D colony formed on a tetrad-dissection plate was suspended in
H2O, spread on a YEPD plate, and incubated at 30°C for 7 days. (B)
An isolated larger colony (left) and an isolated small colony (right)
from the plate shown in A were restreaked on YEPD and incubated
at 30°C for 7 days. (C) Non-PSW strain NOY703 and PSW strain
NOY878 derived from NOY703 were streaked on YEP-galactose
(Gal) and YEPD (Glu) plates and incubated at 30°C for 5 days.
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DISCUSSION

[Rhoo] Yeast System. Transcription of yeast rDNA by Pol II
was previously reported by Conrad-Webb and Butow (17) for
respiratory-deficient mitochondrial [rhoo] strains. Our PSW
strains can grow well on glycerol and thus are not mitochon-
drial mutants (data not shown). In addition, their study showed
functional transcription of rDNA in the absence of Pol I only
for a [rhoo] strain in which an artificial multicopy plasmid
carrying an rDNA repeat unit was introduced; the [rhoo] strain
carrying an rpa135 deletion and a helper plasmid (pNOY102)
was unable to grow on glucose. In contrast, the PSW strains
studied here can grow relatively efficiently by transcribing the
endogenous rDNA repeats without introduction of any arti-

ficial plasmids. Thus, transcription of the endogenous rDNA
by Pol II in the [rhoo] strains must have been very inefficient.
Furthermore, Pol II transcription of rDNA in [rho°] strains was
reported to initiate at the same site (11) as Pol I, whereas in
the PSW strains studied here, rDNA transcription starts at
several sites upstream from the Pol I start site. Thus, the
relationship between the previously described RNA polymer-
ase switch in [rhoo] strains and the polymerase switch observed
in UAF-deficient strains in the current study is not clear.

Comparison with Other Silencing Systems. In normal yeast
cells, Pol II transcription of rDNA is silenced completely. This
silencing resembles silencing at the HM loci in that repression
of Pol II transcription is complete in wild-type cells, and
switching between two alternative metastable states can be
revealed only by mutations in components participating in
silencing. Thus, as was shown using sir1 mutations (18) or
mutations in silencer DNA sequences (19, 20) for silencing at
the HM loci, switching between two states of rDNA transcrip-
tion, non-PSW and PSW, was demonstrated in rrn9 mutant
cells (and in other UAF mutants; unpublished observations).
It appears that the silenced (non-PSW) state is stabilized by the
presence of Pol I-specific transcription factor UAF (Fig. 3B).

Silencing of certain Pol II-transcribed genes inserted into
rDNA was recently reported by several workers (21–23).
However, the degree of silencing seen in these cases was
generally only partial. In addition, attempts to demonstrate
switching between on and off transcription states were unsuc-
cessful. It was suggested that Pol II reporter gene expression
rapidly alternates between on and off states depending on the
Pol I activity of the particular unit where the gene was inserted,
leading to the phenotypic equivalent of a stably maintained
intermediate expression level (21). In the present system, the
non-PSW and PSW states refer to transcription states of the
rDNA repeat region as a whole, and reversible switching
between the two states was clearly demonstrated. In the above
model for silencing of reporter Pol II genes in rDNA, it was
suggested that the rDNA chromatin structure responsible for
Pol II gene silencing also keeps Pol I activity repressed (21).

FIG. 3. (A) Loss of the PSW phenotype on reintroduction of the
missing RRN9 into an rrn9D PSW strain. Plasmid pNOY446 carrying
RRN9 (and URA3) or control URA3 plasmid pRS316 was introduced
into NOY852 (rrn9D, PSW) by transformation. Four of the transfor-
mants isolated as Ura1 from each transformation were streaked on
YEPD medium and then streaked on SD with and without 5-FOA (1
mg/ml). The plates were incubated at 30°C for 4 days. (B) A summary
of experiments showing reversible switching between the non-PSW
and PSW states.

FIG. 2. Identification of 59 ends of primary rRNA transcripts and evidence for transcription by Pol II in PSW strains. (A) RNA samples from
control strain NOY505 (lane 1) and PSW strain NOY794 (lane 2) were analyzed by primer extension using a 32P-labeled primer. The sequence
ladder was obtained by dideoxy sequencing using the same primer and pNOY3237 DNA as template. Major start sites are indicated by 4. A dot
marks the band in lane A corresponding to the published Pol I start site. (B) RNA samples were prepared from NOY878 (D9, PSW), NOY900
(D9, PSW, rpb1–1), NOY556 (WT), and NOY898 (rpb1–1) with and without temperature shift from 25° to 35° as indicated. Primer extension was
carried out in duplicate as in A. Quantification of the sum of all Pol II-specific bands from 29 to 295 was done for NOY878 and NOY900 and
that of the Pol I-specific band at 11 was done for NOY556 and NOY898 by using PhosphorImager analysis. A significant decrease ('3-fold) of
rRNA synthesis after temperature shift-up was observed for NOY900 but not for the other strains (see below). Gels shown are those visualized
by a PhosphorImager. Four to seven reverse transcription analyses similar to that shown in the figure were done by using two independent RNA
preparations for each strain. The values obtained for the ratio of rRNA synthesis at 35°C to that at 25°C are: NOY900, 0.33 6 0.07; NOY878, 1.01 6
0.29; NOY898, 0.80 6 0.09; and NOY556, 0.83 6 0.19.

Biochemistry: Vu et al. Proc. Natl. Acad. Sci. USA 96 (1999) 4393



In contrast, the present work shows that the non-PSW and
PSW states are two alternative states; factors that stabilize the
non-PSW state (UAF subunits and perhaps other unidentified
proteins interacting with UAF), and thus contribute to a
complete silencing of Pol II transcription of rDNA, are those
required for efficient Pol I transcription. Thus, although
silencing of reporter Pol II genes in rDNA might be related to
the silencing of Pol II transcription of rDNA described in this
paper, the exact relationship between these two phenomena
has yet to be elucidated.

In Drosophila some functionally active genes are known to
be localized in heterochromatin, including tandemly repeated
rDNA transcribed by Pol I (24). It was shown that some
heterochromatic genes are functional only in heterochromatin;
these heterochromatic genes are silenced when translocated
adjacent to euchromatin (1, 25). It was suggested that hetero-
chromatin and euchromatin represent two distinct environ-
ments, the heterochromatic environment compatible with the
expression of heterochromatic genes and the other compatible
with euchromatic gene expression (1, 25). Applying this notion
to the present system, one can postulate that the state favoring
rDNA transcription by Pol I corresponds to a heterochromatic
environment and the state favoring rDNA transcription by Pol
II corresponds to a euchromatic environment; the switch
between the non-PSW and PSW states may represent a switch
between the two different rDNA chromatin states, as discussed
below.

Two Possible Alternative States of rDNA. The absence of
functional UAF does not by itself achieve the polymerase
switch, but simply makes the non-PSW state metastable,
allowing a switch to the PSW state as a random and reversible
epigenetic event(s) (Fig. 3B). What then is the nature of the
primary events responsible for the polymerase switch? The
results of crosses between PSW and non-PSW strains can most
simply be explained by a model invoking an alteration of the
state of the rDNA template on chromosome XII. Many diploid
clones produced tetrads with two distinct haploid segregants,
one showing PSW and the other non-PSW (see, e.g., Fig. 4B).
These results strongly suggest that the PSW and non-PSW
phenotypes are associated with a chromosome, presumably
chromosome XII carrying rDNA. The appearance of two
distinct types, PSW and non-PSW, of haploid segregants from
a single diploid cell may be difficult to explain on the basis of
alteration of cytoplasmic materials or nuclear materials such as
modification of RNA polymerase(s) or transcription factor(s)
or an increase in an extrachromosomal form of rDNA. In fact,

we have found that the size of chromosome XII in PSW strains
is increased because of a large increase in the number of
tandem rDNA repeats as analyzed by pulse field gel electro-
phoresis (M. Oakes, I. Siddiqi, L. Vu, J. Aris and M. Nomura,
unpublished data). [A reversible and heritable change involv-
ing a tandem repeat increase can be considered an epigenetic
change in a broad sense (see ref. 26).] Thus, the alteration
responsible for the PSW phenotype appears to reside in the
state of rDNA on chromosome XII, including the length of
tandem rDNA repeats and perhaps their localization within
the nucleus.

Highly purified UAF contains histones H3 and H4 in
addition to Rrn5p, Rrn9p, Rrn10p, and protein p30 (9). UAF
binds strongly and specifically to the upstream element of the
rDNA promoter carried by protein-free DNA in vitro (8).
Thus, actively transcribed rDNA repeats, and perhaps all of the
potentially active (but nontranscribed) rDNA repeats, may
have UAF bound to the upstream element of the promoter. In
fact, the in vivo footprint pattern obtained in a recent analysis
of rDNA chromatin in growing yeast cells was consistent with
that expected from protection by known specific rDNA-
binding proteins, including UAF (27). These considerations
support the view that UAF may play a key role in organizing
Pol I-specific chromatin structures that are essential for Pol I
function and also are responsible for silencing of Pol II
transcription. In the absence of the intact UAF structure, the
native rDNA chromatin structure may become unstable, al-
lowing rDNA repeat expansion and, with a certain frequency,
enabling the rDNA template to be localized at regions suitable
for Pol II transcription. We have also observed that deletion
of SIR2 in UAF-defective mutants causes an increase, and
overproduction of Sir2 protein causes a decrease, in the
frequency of a switch from the non-PSW to PSW states
(unpublished data). The SIR2 gene is known to play a role in
decreasing the rates of mitotic and meiotic recombination
within the rDNA locus (28). In addition, an alteration of rDNA
chromatin structure in sir2 mutants was recently demonstrated
by using micrococcal nuclease and dam methylase (23). Thus,
specific rDNA chromatin structures, UAF in particular, ap-
pear to play an important role in maintaining a stringent
silencing of Pol II transcription of rDNA.

Transcription of rDNA by Pol II in Other Systems. Tran-
scription from the rDNA promoter mediated by Pol II has
been reported in other experimental systems (29–32). These
observations may have relevance to the results reported in this
paper. The work reported by Smale and Tjian (29) illustrates

FIG. 4. Analysis of diploid clones from a cross between non-PSW and PSW strains. Strain NOY703 (non-PSW; N) and NOY877 (PSW; P) were
crossed by plate-mating. Three diploid clones together with haploid parents (N and P) were analyzed for PSW phenotype by spotting aliquots of
10-fold serial dilutions of colonies on YEP-galactose (Gal) and YEPD (Glu), and the results are shown in A. Clones 1, 2, and 3 were sporulated,
and tetrads were dissected on YEP-galactose. Colonies from tetrads showing four viable ones were analyzed for their PSW phenotype by spot test.
The two original haploid parents (N and P) also were analyzed as controls. One tetrad from clone 1 (B), one tetrad from clone 3 (C), and two
tetrads from clone 2 (D and E) are shown.
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this point. By using COS monkey cells transfected with a
plasmid, they studied expression of the herpes simplex tk gene
fused to a human rDNA promoter carried on the plasmid. In
the deletion analysis of the upstream region of the promoter,
significant transcription by Pol II from two initiation sites (215
and 220) was observed when deletion extended into the
‘‘upstream control element’’ (33) required for a high level of
transcription by Pol I. The upstream control element of
mammalian rDNA promoters corresponds to the upstream
element of the yeast rDNA promoter where UAF binds to
achieve a high level of transcription (8). Although not iden-
tified, a factor corresponding to the yeast UAF may exist in
mammalian or other metazoan cells, playing a role in orga-
nizing a Pol I-specific chromatin structure. Perhaps plasmid
DNA carrying the fusion gene without the UCE sequence may
fail to form a stable Pol I-specific chromatin structure, allow-
ing transcription of rDNA by Pol II. This scenario is analogous
to the RNA polymerase switch observed in UAF-deficient
mutants and characterized in this work.

Significance of RNA Polymerase Switch. We have demon-
strated that yeast cells have an inherent ability to synthesize
functional rRNA and grow reasonably well without Pol I
machinery and in the absence of any artificial helper plasmid.
The ease with which the RNA polymerase switch is observed
in mutants defective in UAF function suggests a possibility that
this second rRNA synthesizing system might serve as a backup
system under conditions where mutations or some other
environmental conditions impair Pol I machinery, specifically
the UAF-mediated Pol I activation system, including the
possible rDNA chromatin structure required for transcription
by the Pol I machinery. The question of whether this PSW
system is in fact used in nature, and if so, under what kind of
conditions, remains to be determined.

The presence of the PSW system for rDNA transcription
may also be interesting in relation to the evolution of eukary-
otic transcription machineries with three nuclear RNA poly-
merase systems carrying out separate functions. It is known
that the archaeal transcriptional machinery consists of a single
RNA polymerase, which is similar to eukaryotic RNA poly-
merases in terms of the number and sequence similarity of the
subunits, and two transcription factors, which are homologs of
TATA-binding protein and transcription factor IIB, respec-
tively (34, 35). Thus, the archaeal transcription machinery
resembles the eukaryotic, rather than the prokaryotic, tran-
scription machinery. This single RNA polymerase system in
archaeal organisms transcribes all RNAs, including rRNA,
mRNA, and tRNA. The transcription machinery of an ances-
tor common to both eukaryotic and archaeal organisms might
have resembled that of the present-day Archaea, as discussed
by Langer et al. (34). It is possible that the emergence of the
Pol I system as a specialized transcription machinery devoted
to rDNA transcription was not accompanied by an elimination
of the previous rDNA transcription system. The latter system,
which may have resembled the present-day Pol II system, was
perhaps retained but silenced by an epigenetic mechanism,
leading to the present-day PSW system. Comparison of rDNA
transcription by Pol I with that by the PSW system may be
useful in defining unique features of rDNA transcription by
Pol I in relation to its regulation, efficiency, and mechanism,
as well as rDNA chromatin structures.
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